INTRODUCTION {#S1}
============

Cellular adaptive immunity relies on cognate activation of T cells by APC within the immune synapse ([@R4]; [@R25]). Following cognate signaling, the T cell receptor (TCR) triggers a rapid increase in the concentration of cytosolic Ca^2+^ ([@R19]; [@R20]). This surge of cytosolic Ca^2+^ promotes the enzymatic activity of calcineurin, which dephosphorylates Ca^2+^-dependent NFAT1, NFAT2, and NF-kB ([@R28]). These factors are key for the synthesis of IL-2, a cytokine that sustains proliferation, maturation, and survival of T cells ([@R26]; [@R27]; [@R28]).

The rapid increase in cytosolic Ca^2+^ depends on its release from the pool of Ca^2+^ stored in the ER. Depletion of Ca^2+^ from the ER activates the "store-operated Ca^2+^ entry" (SOCE) mainly through the "Ca^2+^ release-activated Ca^2+^" (CRAC) channels that provide sustained entry of extracellular Ca^2+^ ([@R19]; [@R20]; [@R26]; [@R27]).

Release of intracellular Ca^2+^ depends on the activation of the phospholipase C (PLC) subunits γ1 and β1 ([@R31]). In T cells, PLC-γ1 activation is triggered by TCR stimulation, and PLC-β1 activation requires signaling via a G-protein-coupled receptor (GPCR) that recruits G~αq/11~ proteins ([@R12]; [@R67]; [@R74]; [@R87]). To our knowledge, the GPCRs that cooperates with the TCR to promote Ca^2+^ flux in activated T cells remains to be identified.

The neurokinin-1 receptor (NK1R) belongs to the family of GPCRs that signal via G~αq/11~ subunits to promote Ca^2+^ flux in excitable and non-excitable cells ([@R9]; [@R24]; [@R38]; [@R48]). Substance P (SP) and hemokinin-1 (HK-1) are pro-inflammatory neuropeptides of the tachykinin family that bind with high affinity to the NK1R and provide adjuvant effect to innate and adaptive immune responses ([@R10]; [@R29], [@R30]; [@R45]; [@R75]; [@R79]).

In the central nervous system, SP is secreted by neurons and microglial cells ([@R18]; [@R86]). In peripheral tissues, SP is released by sensory nerve endings and to a lesser extent by resident cells and migratory leukocytes including T cells, whereas HK-1 is preferentially synthesized by immune cells ([@R30]; [@R75]; [@R77]; [@R88]). SP is a mediator of neuroinflammation, whereas HK-1 promotes immune responses and is necessary for survival of B- and T cell precursors ([@R75]; [@R88]; [@R89]). SP and HK-1 stimulate T cell immunity via agonistic binding of the NK1R ([@R5]; [@R10]; [@R82]). In this regard, we have described that signaling via the NK1R *in vivo* enhances the survival and the APC function of dendritic cells (DCs) and promotes T helper 1 (Th1)- and T cytotoxic (Tc) 1-biased immunity ([@R29], [@R30]; [@R45]).

Here, we demonstrate that NK1R-signaling plays a previously unknown relevant role during cognate activation of T cells. We confirm that T cells express the full-length NK1R (f-NK1R), synthesize SP and HK-1, and the NK1R and its agonists co-localize within or in proximity to the immune synapse between T cells and Ag-loaded APC. NK1R-signaling, per se, triggers Ca^2+^ flux in T cells. During TCR-mediated activation, expression of the NK1R is necessary for optimal Ca^2+^ flux and the subsequent signaling of the intracellular pathways that lead to IL-2 secretion and T cell survival. These effects are absent or substantially reduced in T cells deficient in the NK1R, its ligands SP or HK-1, or following pharmacological inhibition of the NK1R. In addition, NK1R-signaling supports Th1 cell-survival and Th17 bias. Consequently, mice with T cells lacking the NK1R or its natural agonists exhibited deficient T cell immunity in a model of skin contact dermatitis, and this effect was associated with high mortality of T cells during priming in skin-draining lymph nodes and effector T cells homed in the skin.

RESULTS {#S2}
=======

T Cells Express Full-Length NK1R that Colocalizes with Its Agonists in the Immune Synapse {#S3}
-----------------------------------------------------------------------------------------

The rapid mobilization of intracellular Ca^2+^ triggered by cognate activation of T cells requires signaling through the TCR and a GPCR associated to G~αq/11~ subunits ([@R74]). However, to our knowledge, the GPCR that promotes Ca^2+^ flux in activated T cells remains to be identified. The NK1R, a GPCR that recruits G~αq/11~ proteins, induces Ca^2+^ flux in excitable and non-excitable cells ([@R24]; [@R48]; [@R86]). Although the NK1R is expressed by mouse and human T cells, its role in Ca^2+^ flux during TCR stimulation of T cells has not been explored ([@R39]; [@R65]; [@R72]; [@R75]; [@R81]; [@R83]). Fluorescence-activated cell sorting (FACS) analysis of splenic T cells from wild-type (WT) and NK1R^KO^ mice confirmed that CD4 and CD8 T cells express surface NK1R ([Figure 1A](#F1){ref-type="fig"}). The NK1R Ab used was specific against the extracellular domain of the NK1R, and its labeling on NK1R^KO^ T cells included as controls was similar to that of irrelevant IgG ([Figure 1A](#F1){ref-type="fig"}).

Two isoforms of the NK1R have been described, the f-NK1R and the C-terminus-truncated (t-NK1R) variants ([@R40]). Whereas f-NK1R-signaling promotes binding of the f-NK1R to G~αq/11~ subunits and causes increase in cytosolic Ca^2+^, agonistic binding to the t-NK1R does not ([@R73]; [@R80]). Although the NK1R is expressed in T cells, it is unknown if both isoforms are present in T cells and how their level of expression changes during TCR-activation. Thus, we assessed the two NK1R isoforms in mouse T cells, left untreated or after 24 h stimulation with CD3 and CD28 agonistic Ab. We demonstrated by FACS (intracellularly) and western blot analysis that naive and TCR-activated CD4 and CD8 T cells express similar amounts of the f-NK1R ([Figures 1B](#F1){ref-type="fig"} and [1C](#F1){ref-type="fig"}), the latter detected with an Ab directed to the C terminus domain only present in the f-NK1R variant. The t-NK1R isoform was assessed with an Ab against the extracellular N-terminus motif of the NK1R that is present in both variants of the receptor, which differ in their molecular weights. In this case, the NK1R was detected on T cells by western blot as a single band of \~75 kDa that corresponds to the glycosylated form of the f-NK1R. Bands of lower molecular weight, indicative of the t-NK1R isoform, were not detected ([Figure 1C](#F1){ref-type="fig"}). Thus, naive CD4 and CD8 T cells express the f-NK1R, which is the functional variant of the receptor, and its expression does not change upon T cell activation by TCR signaling.

Both T cells and DC express NK1R protein or transcripts for SP and HK-1 ([@R29]; [@R42]; [@R45]). Therefore, we tested if the NK1R and its agonists participate in cognate activation of T cells. We investigated by ImageStream analysis the spatial relationship between the NK1R and its agonists during cognate activation of naive T cells by professional APC loaded with Ag. DC generated from WT or NK1R^KO^ C57BL/6 (B6) bone marrow (BM) progenitors (BMDC) were loaded with ovalbumin (OVA)~323--339~ peptide and then co-cultured with OT-II CD4 T cells, the latter specific for the IA^b^-OVA~323--339~ complex and labeled with Cell Tracker Violet. As control, OT-II cells were incubated with B6 BMDC without OVA~323--339~. After 2 h, cells were labeled with CD11c Ab for identification of DC in combination with Abs against NK1R, SP, or HK1. Immune synapses were identified by the rearrangement of filamentous actin (F-actin) detected by intracellular labeling with phalloidin. T cell-DC doublets were selected from the cell clusters gate, previously selected from the cells in the focus gate. For quantification of the relative concentration of NK1R, SP, and HK-1 within the area of the T cell-DC synapse, we generated a tight interface mask at the site of contact between the DC and T cell where the rearrangement of F-actin occurred. Within that area, we identified the NK1R, SP, and HK-1 within 8 pixels from the point of cell-to-cell contact ([Figures 1D](#F1){ref-type="fig"} and [1E](#F1){ref-type="fig"}). The fluorescence intensities of NK1R, SP, and HK-1 labeling at the T cell-DC interphase were significantly higher in the presence of OVA~323--339~ ([Figure 1E](#F1){ref-type="fig"}). Thus, during cognate interaction between T cells and DC, the f-NK1R and its ligands SP and HK-1 concentrate within or next to the immune synapse. Importantly, NK1R expressed by T cells contribute to the fraction of NK1R mobilized to the immune synapse, as segregation of the NK1R inside or near the immune synapse was detected by ImageStream analysis when OT-II T cells were incubated with NK1R^KO^ DCs loaded with OVA~323--339~ ([Figure 1F](#F1){ref-type="fig"}).

NK1R Signaling Triggers Ca^2+^ Flux in T Cells {#S4}
----------------------------------------------

Next, we tested if agonistic signaling via the NK1R in T cells induces Ca^2+^ flux, an effect mediated through the C terminus of the f-NK1R ([@R41]). Mouse splenic T cells loaded with the Ca^2+^ flux probes Fluo-4-AM and Fura Red-AM were exposed to increasing concentrations of the synthetic NK1R agonist \[Sar^9^Met (O~2~)^11^\]-SP (SarSP) and Ca^2+^ flux was analyzed by a ratiometric assay by FACS. SarSP increased the level of intracellular Ca^2+^ in CD4 and CD8 T cells in a dose-dependent manner (from 10^−7^ to 10^−8^ M), an effect that was less pronounced at a higher concentration (10^−5^ M) ([Figure 2A](#F2){ref-type="fig"}).

In excitable cells, it has been shown that release of Ca^2+^ from intracellular compartments is triggered by NK1R signaling through recruitment of G~αq/11~ proteins ([@R48]; [@R49]) whereas influx of extracellular Ca^2+^ occurs by increasing the permeability of voltage-gated channels ([@R35]; [@R66]). To confirm further that NK1R signaling in T cells increases intracellular Ca^2+^ and test if this effect requires recruitment of G~αq/11~ proteins, we used a highly sensitive live-cell imaging approach. CD4 T cells loaded with Fluo-4-AM were incubated with the G~αq/11~ inhibitor YM-254,890 before stimulation with SarSP (10^−7^ M). Our results confirmed that NK1R signaling by SarSP alone triggers Ca^2+^ flux in T cells, and this effect was significantly diminished in T cells treated with YM-254,890 ([Figure 2B](#F2){ref-type="fig"}). Thus, the NK1R on T cells triggers Ca^2+^ flux via G~αq/11~ proteins.

Next, we investigated if NK1R-signaling affects Ca^2+^ flux in T cells following TCR-stimulation triggered by cross-linking of CD3ε Ab bound to the T cells. By ratiometric assays by FACS, we demonstrated that the level of Ca^2+^ flux in TCR-activated wild-type (WT) T cells was significantly higher than that observed in T cells isolated from global NK1R^KO^ mice ([Figure 2C](#F2){ref-type="fig"}) or NK1R^KO^ BM T cell chimeras, the latter a model in which T cells are NK1R^KO^ but the non-T-cell lineages express the NK1R ([Figures 2D](#F2){ref-type="fig"} and [S1A](#SD1){ref-type="supplementary-material"}--[S1C](#SD1){ref-type="supplementary-material"}). The reduced Ca^2+^ flux observed in NK1R^KO^ T cells was not due to an intrinsic defect of T cells developed in NK1R-deficient mice, since a similar decrease in Ca^2+^ flux was detected in WT T cells treated with the NK1R antagonists L733,060 or WIN-51,708 before TCR stimulation ([Figures 2E](#F2){ref-type="fig"} and [2F](#F2){ref-type="fig"}). The experimental conditions used to assess the role of the NK1R in Ca^2+^ flux did not affect T cell viability ([Figures S2A](#SD1){ref-type="supplementary-material"} and [S2B](#SD1){ref-type="supplementary-material"}). WT and NK1R^KO^ T cells showed similar Ca^2+^ flux in response to ionomycin, indicating NK1R^KO^ T cells are not intrinsically deficient at increasing cytosolic Ca^2+^ ([Figure S2C](#SD1){ref-type="supplementary-material"}). Thus, NK1R-signaling promotes optimal Ca^2+^ flux in TCR-activated T cells.

Next, we investigated by ratiometric assays of Ca^2+^ flux by FACS if NK1R signaling affects the release of intracellular Ca^2+^ and the uptake of extracellular Ca^2+^ in TCR-stimulated T cells. To assess the release of intracellular Ca^2+^, WT and NK1R^KO^ T cells were maintained in Ca^2+^-free medium and then TCR-stimulated by CD3 Ab cross linking. As expected in such conditions, WT T cells showed a discrete elevation of intracellular Ca^2+^, an effect that was substantially reduced in NK1R^KO^ T cells ([Figure 2G](#F2){ref-type="fig"}). To investigate if NK1R signaling affects the uptake of extracellular Ca^2+^ regulated by SOCE, T cells maintained in Ca^2+^-free medium were treated with thapsigargin, a TCR-independent stimulus that induces release of Ca^2+^ from the intracellular compartments that results in activation of SOCE. Thapsigargin caused similar release of intracellular Ca^2+^ in WT and NK1R^KO^ T cells, indicating that NK1R^KO^ T cells are not intrinsically impaired to mobilize Ca^2+^ from the intracellular compartments. Conversely, following addition of Ca^2+^ and CD3 Ab cross linking, NK1R^KO^ T cells displayed lower uptake of extracellular Ca^2+^ than WT T cells ([Figure 2H](#F2){ref-type="fig"}). Thus, in TCR-stimulated T cells the NK1R is relevant for the release of intracellular Ca^2+^ and uptake of extracellular Ca^2+^, and the latter involves the activation of SOCE.

The previous results pose the question of whether differences in Ca^2+^ flux between WT and NK1R^KO^ T cells are caused directly by NK1R signaling as suggested by the effect of NK1R antagonists on WT T cells ([Figures 2E](#F2){ref-type="fig"} and [2F](#F2){ref-type="fig"}), or indirectly by reduced expression of TCR, or decrease in TCR downstream signaling that leads to PLC-γ1 phosphorylation in T cells that develop in a NK1R-deficient environment. By FACS analysis, WT and NK1R^KO^ CD4 and CD8 T cells expressed similar amounts of TCRβ, CD3ε and the TCR-accessory molecules CD4 or CD8 ([Figure S3A](#SD1){ref-type="supplementary-material"}). Likewise, untreated WT and NK1R^KO^ T cells had similar basal content of ZAP70 and PLC-γ1 by western blot analysis ([Figure S3B](#SD1){ref-type="supplementary-material"}), and TCR-stimulated WT and NK1R^KO^ T cells showed similar kinetics and levels of phosphorylation of ZAP70 and PLC-γ1 as analyzed by FACS ([Figure S3C](#SD1){ref-type="supplementary-material"}). Thus, TCR molecules and their downstream signaling are not compromised in mature NK1R^KO^ T cells.

NK1R Signaling Enhances Viability of TCR-ActivatedT Cells {#S5}
---------------------------------------------------------

In accord with the reduced Ca^2+^ flux triggered by TCR-signaling in T cells deficient in NK1R, calcineurin activity in NK1R^KO^ T cells stimulated with CD3 Ab was significantly lower than that detected in WT T cells under similar conditions ([Figure 3A](#F3){ref-type="fig"}). As a control, NK1R^KO^ and WT T cells incubated with ionomycin exhibited similar calcineurin activity ([Figure 3A](#F3){ref-type="fig"}), which indicates that NK1R^KO^ T cells are not intrinsically deficient at activating calcineurin. Thus, TCR-mediated activation of T cells requires NK1R-signaling and likely NK1R-agonists released in a autocrine/paracrine fashion for optimal Ca^2+^ flux and calcineurin activation.

Synthesis and secretion of IL-2 and expression of CD25 (IL-2Ra) by TCR-stimulated T cells requires activation and nuclear translocation of Ca^2+^-dependent NFAT1 and NFAT2, NFκβ-p65, and Ca^2+^-independent AP-1 (activator protein-1) (cFos/cJun heterodimer) ([@R28]). The role of the NK1R in the activation of these transcription factors was analyzed in western blots of nuclear and cytoplasmic extracts of WT and NK1R^KO^ T cells following stimulation with CD3 and CD28 Ab. Untreated WT T cells contained relatively low amounts of nuclear NFAT1, NFAT2, and NFκβ-p65, which increased significantly between 30 and 120 min after activation and remained high up to 2--4 h of follow up ([Figures 3B](#F3){ref-type="fig"} and [S4A](#SD1){ref-type="supplementary-material"}). In contrast, the nuclear content of NFAT1, NFAT2, and NFκβ-p65 remained low in equally treated NK1R^KO^ T cells ([Figures 3B](#F3){ref-type="fig"} and [S4B](#SD1){ref-type="supplementary-material"}). These findings were not due to lower content of NFAT1, NFAT2, and NFκβ-p65 in NK1R^KO^ T cells, since the cytoplasmic content of these proteins was similar in WT and NK1R^KO^ T cells ([Figure S4B](#SD1){ref-type="supplementary-material"}). FACS-based analysis of nuclear content of NFAT1 and NFAT2 confirmed that, following stimulation with CD3 and CD28 Ab, NK1R^KO^ T cells translocate into the nuclei substantially less NFAT1 and NFAT2 than WT T cells ([Figures S5A](#SD1){ref-type="supplementary-material"}--[S5C](#SD1){ref-type="supplementary-material"}). Under the same conditions, we did not detect, by western blot analysis, differences in the relative amounts of cFos and cJun in nuclear extracts of WT and NK1R^KO^ T cells ([Figure 3B](#F3){ref-type="fig"}). In accordance, NK1R^KO^ T cells secreted significantly less IL-2 than WT T cells after 24-h stimulation with CD3 and CD28 Ab and expressed less CD25 on the surface ([Figures 3C](#F3){ref-type="fig"} and [3D](#F3){ref-type="fig"}).

Next, we tested if the lower amounts of IL-2 released by TCR-stimulated NK1R^KO^ T cells affect T cell proliferation, activation, and survival. WT T cells and NK1R^KO^ CD4 and CD8 T cells stimulated with CD3 and CD28 Ab for 4 days exhibited similar capacity to proliferate (based on carboxyfluorescein succinimidyl ester \[CFSE\] dilution) and to become activated (based on CD44^hi^ expression), as assessed by FACS ([Figures 3E](#F3){ref-type="fig"} and [3F](#F3){ref-type="fig"}). However, NK1R^KO^ T cells were more susceptible to cell death by apoptosis than WT T cells ([Figures 3E](#F3){ref-type="fig"} and [S6](#SD1){ref-type="supplementary-material"}), which was prevented by addition of IL-2 ([Figure 3G](#F3){ref-type="fig"}). In summary, the NK1R facilitates nuclear translocation of Ca^2+^-dependent factors required for *il2* transcription, and the subsequent IL-2 secretion and survival of T cells activated by TCR-signaling. NK1R-deficiency did not cause T cell anergy, since the surviving NK1R^KO^ T cells proliferated as much as WT T cells ([Figure 3F](#F3){ref-type="fig"}).

NK1R Signaling Enhances Th1 Cell Survival and Th17 Bias {#S6}
-------------------------------------------------------

Because NK1R-signaling is required for IL-2 secretion and survival of TCR-stimulated T cells, we investigated if NK1R expression also affects polarization of CD4 T cells. For these studies, WT and NK1R^KO^ naive (CD44^lo^ CD62L^hi^) CD4 T cells were stimulated with artificial APC consisting of 4.5-μm iron beads covered with CD3 and CD28 Ab (Dynabeads) under Th1-, Th2-, or Th17-biasing conditions ([@R70]). T cell polarization was confirmed by FACS analysis of intracellular cytokines and T cell biasing transcription factors and by quantification by ELISA of cytokine concentrations in culture supernatants. NK1R signaling was required for optimal polarization of CD4 T lymphocytes into Th1 and Th17 cells, whereas lack of the NK1R did not significantly affect Th2 differentiation ([Figures 4A](#F4){ref-type="fig"}--[4E](#F4){ref-type="fig"}). In the absence of the NK1R, proliferating Th1 and Th17 cells produced less IFN-γ and IL-17, respectively ([Figures 4A](#F4){ref-type="fig"} and [4F](#F4){ref-type="fig"}), and dividing Th1 cells underwent cell death at higher percentages ([Figures 4C](#F4){ref-type="fig"} and [4E](#F4){ref-type="fig"}).

The physiological relevance of the effects of NK1R-signaling on CD4 T cell-bias was confirmed *in vivo* in a mouse model of 2,4-dinitrochlorobenzene (DNCB)-induced contact dermatitis caused by delayed-type hypersensitivity (DTH), and Th1- and Th17-cell-dependent ([@R60]). For these studies, NK1R^KO^ and WT mice were sensitized in the skin (abdomen) with DNCB. After 5 days, we compared the amounts of IFN-γ and IL-17 secreted by CD4 T cells isolated from draining (inguinal) lymph nodes. Consistent with the results obtained *in vitro*, T cells from the skin-draining lymph nodes of NK1R^KO^ mice secreted significantly lower amounts of IFN-γ and IL-17 compared to the T cell counterparts isolated from WT mice ([Figure 4 G](#F4){ref-type="fig"}). Together, the *in vitro* and *in vivo* results demonstrate that NK1R-signaling is required for elicitation of optimal Th1 and Th17 responses.

NK1R Agonists Released by T Cells Augment IL-2 Secretion and T Cell Survival {#S7}
----------------------------------------------------------------------------

The previous results obtained without natural APC or exogenous NK1R ligands suggest that the NK1R agonists are released by the T cells. Therefore, we tested if T cells synthetize NK1R agonists. We assessed, by real-time quantitative PCR, the content of *Tac1* and *Tac4* transcripts (encoding SP and HK-1, respectively) in mouse T cells stimulated or not with CD3 and CD28 Ab. *Tac1* and *Tac4* mRNA were detected in untreated CD4 and CD8 T cells, increased significantly between 4 and 6 h after stimulation, and returned to basal levels by 24 h ([Figure 5A](#F5){ref-type="fig"}). These findings were confirmed at the protein level by co-culturing Cell Tracker Violet-labeled OT-II T cells with *Tac1*/*4*^Double\ KO^ B6 BMDC, unable to produce SP and HK-1, loaded with OVA~323--339~ peptide. After 2-h incubation, ImageStream analysis demonstrated the presence of SP and HK-1 at the site of T cell-DC contact, which indicates that T cells are indeed a source of endogenous SP and HK-1, which concentrate at the T cell-DC synapse ([Figure 5B](#F5){ref-type="fig"}).

We further investigated if SP and HK-1 released by T cells enhance IL-2 secretion in TCR-stimulated T cells. As expected, WT CD4 T cells secreted significantly more IL-2 than WT CD8 T cells in response to 24-h stimulation with CD3 and CD28 Ab ([Figure 5C](#F5){ref-type="fig"}). IL-2 secretion by WT T cells did not augment by adding physiological concentrations of SP or HK-1 ([Figure 5D](#F5){ref-type="fig"}). By contrast, *Tac1*/*4*^Double^ KO or NK1R^KO^ T cells released significantly less IL-2 than WT controls ([Figure 5C](#F5){ref-type="fig"}). In brief, during cognate activation, T cells are a source of SP and HK-1, which in an autocrine fashion promote IL-2 secretion by T cells.

The effects of release of SP and HK-1 by T cells on T cell activation, proliferation, and survival were analyzed by FACS in WT and *Tac1*/*4*^Double\ KO^ T cells after 4 day-stimulation with CD3 and CD28 Ab alone, or plus exogenous SP, HK-1, or both. *Tac1*/*4*^Double\ KO^ T cells proliferated and became activated as much as WT T cells ([Figure 6A](#F6){ref-type="fig"}). However, *Tac1*/*4*^Double\ KO^ T cells exhibited higher percentages of cell death during proliferation ([Figures 6B](#F6){ref-type="fig"} and [6C](#F6){ref-type="fig"}), an effect that was prevented by addition of HK-1 and to a lesser extent, SP ([Figures 6B](#F6){ref-type="fig"} and [6C](#F6){ref-type="fig"}). HK-1 and SP exerted an additive effect in preventing T cell death ([Figures 6B](#F6){ref-type="fig"} and [6C](#F6){ref-type="fig"}). Thus, both HK-1 and SP released by T cells increase survival of T cells activated by TCR-signaling.

The NK1R and Its Agonists SP and HK-1 Support T Cell Survival *In Vivo* {#S8}
-----------------------------------------------------------------------

The biological relevance of NK1R expression during T cell priming *in vivo* was analyzed using a mouse model of DNCB-induced contact dermatitis known to be IFN-γ- and IL-17-dependent ([@R60]). NK1R^KO^ T cells (CD45.2 Thy1.2 congenic) and WT T cells (CD45.2 Thy1.1), both CFSE-labeled, were intravenously (i.v.) injected at 1:1 ratio in CD45.1 B6 mice. 1 and 2 days later, mice were sensitized on the abdominal skin with DNCB or vehicle. Five days after sensitization, cell proliferation, activation, and cell death were FACS-analyzed on the i.v. transferred T cells in the skin-draining lymph nodes (inguinal). Although NK1R^KO^ T cells proliferated and became activated as efficiently as control WT T cells, up to 85% of the dividing T cells deficient in NK1R underwent cell death ([Figures 7A](#F7){ref-type="fig"} and [7B](#F7){ref-type="fig"}). Thus, NK1R-signaling facilitates T cell survival during T cell priming *in vivo*.

Next, we investigated the fate of NK1R^KO^ effector T cells that survived priming in the lymph nodes and homed in the skin. We used a model of DNCB-induced contact dermatitis in mouse NK1R^KO^ T cell BM chimeras, a system in which T cells are NK1R^KO^ ([Figures S1A](#SD1){ref-type="supplementary-material"} and [S1B](#SD1){ref-type="supplementary-material"}). As controls, we used WT T cell BM chimeras where all hematopoietic lineages encode the WT NK1R allele. The percentages of B and total T cells, as well as the CD4, CD8, and CD4 FoxP3 T cell subsets in the spleen were similar in NK1R^KO^ and WT T cell BM chimeras ([Figure S1C](#SD1){ref-type="supplementary-material"}). Importantly, all T cell BM chimeras were generated in γ-irradiated TCRαβ^KO^ B6 mice to prevent potential contamination with residual WT αβ T cells that survive γ-irradiation in the hosts. Non-irradiated TCRαβ^KO^ B6 mice did not develop cutaneous DTH reactions of contact dermatitis in response to DNCB ([Figures S1D](#SD1){ref-type="supplementary-material"} and [S1E](#SD1){ref-type="supplementary-material"}), which rules out the possibility that WT γδ T cells that survive γ-irradiation in the TCRαβ^KO^ hosts may have affected the skin DTH reaction. Following sensitization on the abdominal skin with DNCB or vehicle, and elicitation on the ear skin with DNCB, chimeras with NK1R^KO^ T cells developed a significantly weaker cutaneous DTH reaction than control WT T cell BM chimeras, based on the percentage of ear thickness increase ([Figures 7C](#F7){ref-type="fig"} and [7D](#F7){ref-type="fig"}). The abrogation of cutaneous DTH reaction in NK1R^KO^ T cell BM chimeras was sustained up to 96 h following elicitation, which rules out a possibility of a slower kinetics of the DTH reaction ([Figure 7D](#F7){ref-type="fig"}). The lower percentage of ear thickness increase in NK1R^KO^ T cell BM chimeras correlated with a substantial reduction of the leukocyte infiltrate, fewer T cells and more apoptotic T cells at the elicitation site, as compared to control chimeras ([Figures 7E](#F7){ref-type="fig"}--[7G](#F7){ref-type="fig"}).

Finally, to assess to what extent the release of SP and HK-1 by T cells accounts for the contact dermatitis induced, we conducted similar experiments using mouse *Tac1*/*4*^Double\ KO^ T cell BM chimeras as hosts, where only the T cells are unable to generate SP and HK-1 ([Figures S7A](#SD1){ref-type="supplementary-material"}--[S7C](#SD1){ref-type="supplementary-material"}). WT T cell BM chimeras were used as controls. Chimeras with T cells deficient in SP and HK-1 developed a significantly weaker DTH response than that of control T cell BM chimeras ([Figures 7H](#F7){ref-type="fig"} and [7I](#F7){ref-type="fig"}), a result that correlated with a reduced leukocyte infiltrate at the elicitation site ([Figure 7H](#F7){ref-type="fig"}). In summary, NK1R-signaling by SP and HK-1 released by T cells enhances survival of T cells during priming in secondary lymphoid organs and the effector phase in peripheral tissues.

DISCUSSION {#S9}
==========

Upon TCR-activation, T cells secrete IL-2 that functions as a T cell growth and differentiation factor. Synthesis and secretion of IL-2 depends in part on activation of Ca^2+^-dependent transcriptional factors ([@R28]). Therefore, increase in cytosolic Ca^2+^ is key for activation and survival of T cells ([@R23]). The surge of cytosolic Ca^2+^ after TCR-stimulation relies on activation of PLC-γ1 that hydrolyzes phosphatidylinositol 3, 4-bisphosphate into inositol 1, 4, 5-triphosphate (IP~3~), and diacylglycerol ([@R20]). Binding of IP~3~ to its receptors on ER membranes releases Ca^2+^ stored within the ER into the cytosol with the subsequent activation of SOCE and entry of extracellular Ca^2+^ ([@R19]; [@R26]).

A previous study ([@R74]) done in membranes isolated from a G~αq/11~-transfected T cell line revealed that generation of optimal concentrations of IP~3~ through TCR-stimulation requires physical interaction between the TCR and G~αq/11~ proteins, which results in simultaneous signaling of PLC-γ1 and PLC-β1, respectively. Since then, it has been shown that several GPCR that signal via G~αi~ and G~αs~ or through G~αq/11~ subunits are expressed by T cells on which they exert multiple functions ([@R11]; [@R12]; [@R16]; [@R36]; [@R37]; [@R43]; [@R50]; [@R55]; [@R76]). However, to our knowledge, the identification and *in vivo* relevance of a GPCR that activates and recruits G~αq/11~ proteins to promote optimal levels of intracellular Ca^2+^ in the context of TCR-stimulated T cells have not been described.

Here, we confirmed that both CD4 and CD8 T cells express functional NK1R, a GPCR that together with its high-affinity agonists SP and HK-1 co-segregate at the T cell-DC synapse during cognate activation of T cells. Importantly, our findings that deletion or pharmacological inhibition of the NK1R on T cells cause a significantly decrease in the Ca^2+^ flux triggered by TCR stimulation demonstrate that NK1R signaling is required for optimal Ca^2+^ flux during T cell activation.

The kinetics of intracellular Ca^2+^ increase in T cells following TCR stimulation is bimodal. A transient release of Ca^2+^ from intracellular compartments is followed by a sustained influx of extracellular Ca^2+^ ([@R26]; [@R57]). In excitable cells, NK1R signaling triggers release of Ca^2+^ from intracellular compartments and intake of extracellular Ca^2+^ ([@R9]; [@R38]; [@R48]; [@R49]). Likewise, our results demonstrate that NK1R signaling per se increases Ca^2+^ flux in T cells and that NK1R expression enhances intracellular and extracellular Ca^2+^ flux triggered by TCR stimulation. Importantly, the reduction in Ca^2+^ flux we detected in NK1R-deficient T cells after TCR stimulation was not due to an intrinsic impairment of the T cells for Ca^2+^ flux. In fact, NK1R^KO^ and WT T cells exhibited similar kinetics and levels of intracellular Ca^2+^ efflux and extracellular Ca^2+^ influx in response to TCR-independent activation by thapsigargin and ionomycin, respectively.

In our conditions, the increase in Ca^2+^ flux in T cells following NK1R-signaling was reduced by a selective G~αq/11~ protein inhibitor, which indicates that the NK1R recruits G~αq/11~ subunits that likely result in PLC-β1 activation. Likewise, a similar sequence of events has been previously described in non-immune cells signaled via the NK1R ([@R49]; [@R62], [@R63]).

In excitable cells, stimulation of the NK1R by SP mediates Ca^2+^ influx by increasing the permeability of different voltage-gated channels ([@R35]; [@R66]). T cells express different surface Ca^2+^ channels including CRAC, L-type voltage-gated, transient receptor potential channels, and the purinergic P2X receptor ([@R3]; [@R26]). In our experimental conditions, following exhaustion of the intracellular Ca^2+^ stores by thapsigargin, TCR-signaled NK1R^KO^ T cells displayed a significant lower uptake of extracellular Ca^2+^ compared to equally treated WT T cells. These results strongly indicate that in the context of TCR-activation, the NK1R is necessary to activate SOCE.

Besides the high affinity that SP and HK-1 have for the NK1R, recent studies have shown that these tachykinins also bind Mas-related G protein-coupled receptors (Mrgpr), which, similar to the NK1R, recruit G~αq/11~ subunits ([@R2]; [@R46]; [@R47]). These reports might suggest that other GPCR exert the effects described for the NK1R in the present work. However, the substantial decrease in Ca^2+^ flux detected here in T cells lacking functional NK1R demonstrates that indeed the NK1R has a central role in the biologic effects that SP and HK-1 exert in TCR-activated T cells.

In neurons, NK1R-signaling promotes activation of NFAT molecules; however, whether the NK1R exerts a similar effect on immune cells and particularly on TCR-activated T cells was unknown ([@R64]; [@R71]; [@R84]). Here, we show that in the absence of NK1R, a higher number of TCR-activated T cells undergo apoptosis compared to equally stimulated WT T cells and the viability of NK1R^KO^ T cells was significantly improved by supplementation of the culture media with IL-2. Further, we demonstrate that signaling via the NK1R is necessary for calcineurin activation, nuclear translocation of NFAT1, NFAT2, and NF-κB, secretion of IL-2, and surface IL-2Rα expression---which together ultimately result in increased survival of TCR-stimulated T cells. Our data agree with previous studies that proved that calcineurin activation plays a key role in maintaining high levels of Bcl-2, IL-2, and IL-15, with the consequent increase in activated T cell survival ([@R44]). Importantly, the absence of the NK1R, did not affect the ability of the surviving T cells to proliferate in response to TCR-signaling, which indicates that NK1R-deficiency does not cause T cell anergy.

A previous study showed that deficiency of the pore subunit Orai1 of the CRAC channels results in diminished influx of extra-cellular Ca^2+^ and nuclear translocation of NFAT, and enhances survival of activated T cells ([@R33]). The discrepancy in T cell survival between this study and ours could be due to differences in TCR-signaling strength and/or the combined activation of the NFAT and NFκB pathways that follows NK1R signaling, which in our conditions may be necessary for optimal IL-2 secretion by activated T cells ([@R85]).

Besides its function in mature T cells, NK1R-signaling has been shown to be relevant for T cell development in the thymus, which requires activation of PLC-γ1 and Ca^2+^-dependent NFAT pathways ([@R21], [@R22]; [@R52]). Indeed, SP sustains proliferation and viability of thymocytes and HK-1 is necessary for maturation of T cell precursors and survival of double-positive thymocytes ([@R28]; [@R89]). These observations indicate that NK1R-signaling by its endogenous ligands exerts effects on T cells early during thymic development and at later stages following maturation ([@R69]; [@R89]). Regardless of the effect(s) of NK1R expression during the early stages of thymocyte development, we show here that NK1R^KO^ and WT mature T cells of the spleen express similar levels of TCR, CD3ε, CD4, and CD8, and that following TCR stimulation they exhibit similar kinetics and levels of phosphorylation of ZAP70 and PLC-γ1. Thus, our findings indicate that the reduced Ca^2+^ flux detected in TCR-stimulated NK1R^KO^ T cells is not due to weak or defective TCR downstream signaling.

The role of the Ca^2+^-dependent NFAT pathway in Th-bias and survival of CD4 T cells has been extensively analyzed ([@R1]). Mechanistic studies have shown the individual and combined roles of NFAT1 and NFAT2 in Th1- and Th2-polarization through regulation of T-bet and GATA-3, respectively ([@R17]; [@R32]; [@R59]; [@R61]). In addition, NFAT and TGF-β, which are necessary for differentiation of Th17 and Treg, integrate multiple intracellular signaling to bias naive CD4 T cells to these alternative polarization pathways ([@R14]; [@R34]; [@R58]; [@R78]). Our results show that NK1R-signaling is required for optimal expression of T-bet and RORγt, survival of Th1 cells, and production of IFN-γ by Th1 lymphocytes and IL-17A by Th17 cells. By contrast, lack of the NK1R did not affect the levels of GATA-3, and the subsequent differentiation and survival of Th2 cells. As a result, in the absence of the NK1R, Th1 and Th17 responses are severely compromised as we demonstrated in a Th1- and Th17-mediated model of contact dermatitis in mouse BM chimeras in which T cells, but not other cells, are NK1R-deficient. In agreement with these findings, results from other laboratories and ours, have previously shown that agonistic NK1R-signaling facilitates development of Th1 and Th17 responses in humans and mice ([@R15]; [@R30]; [@R45]; [@R54]; [@R56]; [@R65]; [@R81]). Thus, NK1R-signaling promotes the type of T cell immunity that sustains chronic inflammatory and autoimmune diseases.

A previous study ([@R42]) that assessed T cell proliferation *in vitro* by ^3^H thymidine incorporation concluded that NK1R-signaling augments T cell proliferation induced by CD3 Ab and suboptimal concentration of CD28 Ab. Here, by measuring simultaneously by FACS analysis T cell division by CFSE dilution and T cell viability by fixable viability dye (FVD) exclusion, we demonstrate that under optimal stimulation with CD3 and CD28 Ab, T cells deficient in NK1R or its ligands proliferate and become activated as much as their WT counterparts, but they are unfit to survive.

By using *Tac1*/*4*^Double\ KO^ T cells, we show *in vitro* that addition of exogenous HK-1 and SP prevents T cell death, HK-1 exerts a more pronounced effect than SP at equimolar concentrations and they have an additive effect. The additive, rather than a competitive effect, could be ascribed to different molecular stability, receptor affinity, redundancy, or partial agonistic function of the tachykinins ([@R8]; [@R51]; [@R53]). More research will be necessary to dissect the ultimate molecular mechanism(s) by which SP and HK-1 signal the NK1R on T cells during cognate activation.

*In vivo*, our findings demonstrate that NK1R-signaling of T cells is necessary during T cell priming and the T cell effector response. In a mouse model of contact dermatitis, T cells deficient in NK1R exhibited increased cell death during Ag-priming in lymph nodes draining hapten-sensitized skin. In an alternative model of contact dermatitis in mouse NK1R^KO^ T-cell BM chimeras in which T cells are NK1R-deficient, we demonstrate that NK1R-signaling on T cells enhances survival of effector T cells at the elicitation site and is required for development of an optimal cutaneous DTH in response to the hapten.

Using *in vitro* models, previous studies ([@R42]; [@R89]) have suggested that the effects of SP and HK-1 on T cells are likely due to autocrine secretion of these NK1R agonists. Similarly, our *in vitro* assays of TCR stimulation with Ab, done exclusively with purified WT or NK1R^KO^ T cells and without exogenous NK1R ligands, indicated that the T cells themselves release NK1R agonists. Indeed, we confirmed the presence of *Tac1* and *Tac4* mRNA in resting and TCR-stimulated T cells and by ImageStream, we detected SP and HK-1 peptides generated by WT T cells cognately stimulated by *Tac1*/*4*^Double\ KO^ DCs.

*In vivo*, sensory neurons and leukocytes other than T cells can be alternative sources of SP and HK-1 ([@R68]; [@R75]). Here, we show that *Tac1*/*4*^Double\ KO^ T cell BM mouse chimeras developed substantially reduced skin contact hypersensitivity. These results strongly indicate that SP and HK-1 released by T cells act in an autocrine/paracrine fashion. Whether other cellular sources of SP or HK-1 contribute to prevent T cell death during cognate activation requires further research and is beyond the scope of this study.

In summary, we demonstrate that NK1R-signaling of T cells enhances Ca^2+^ flux in T cells after TCR-signaling and that this effect is mediated by autocrine/paracrine secretion of SP and HK-1. This effect is necessary for the subsequent downstream pathways that initiate IL-2 synthesis, T cell survival, and Th1- and Th17-polarization. In a model of contact dermatitis, NK1R-signaling increased survival of T cells during priming in secondary lymphoid tissues and of effector T cells in peripheral tissues. Consequently, mice with T cells deficient in NK1R or its agonists developed poor contact hypersensitivity responses to the hapten. Our results reveal a fundamental and previously unknown role for the NK1R and its agonists in T cell biology, which is relevant for the development of stimulatory or suppressive immunotherapies.
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### Mice {#S13}

Seven week-old male or female C57BL/6(B6), B6.SJL-Ptprc^a^Pepc^b^/BoyJ (CD45.1), B6.PL-Thy1^a^/CyJ (Thy1.1), B6.129S2-Tcra^tm1Mom^/J (TcRαβ^KO^) and B6.Cg-Tg(TcraTcrb) 425Cbn/J (OT-II) mice were purchased from The Jackson Laboratory. Homozygous NK1R^KO^ and *Tac1*/*4*^Double\ KO^ B6 mice, generated and provided by A. Berger and C.J. Paige (University of Toronto, Canada) ([@R6], [@R7]), were bred in the animal facility of the University of Pittsburgh School of Medicine. Seven to 12-week old male or female mice were randomly selected for the experiments in accordance to the National Institutes of Health scientific rigor policy. Mice were maintained in the pathogen free animal facility of the University of Pittsburgh School of Medicine that provides with around the clock husbandry and veterinary services. Animal care and handling were performed in accordance to institutional guidelines and the procedures approved by IACUC protocol number 19014279.

### Generation of DC and T cell purification {#S14}

Bone marrow (BM)-derived dendritic cells (DC) (BMDC) were generated by culturing BM precursor cells isolated from tibias and femurs of WT, NK1R^KO^ or *Tac1*/*4*^Double\ KO^ B6 mice. BM cells were cultured in RPMI-1640 culture medium with 10% FBS, mouse GM-CSF (1000 U/ml), and mouse IL-4 (500 U/ml). On day 6, BMDC were purified by positive selection with mouse CD11c MicroBeads (Miltenyi) (CD11c^+^ BMDC purity \> 90%). T cells were isolated from spleens of WT, NK1R^KO^, *Tac1*/*4*^Double\ KO^ and OTII mice and purified by negative selection with Dynabeads Untouched Mouse Total T cell, CD4 T cell or CD8 T cell kits (Invitrogen). CD4 regulatory T cells were depleted by adding CD25 Ab (clone PC61.5) to the Ab cocktail mix of the negative selection kits.

METHOD DETAILS {#S15}
--------------

### Detection of the NK1R by flow cytometry {#S16}

For labeling of surface NK1R, purified WT or NK1R^KO^ T cells were incubated with an Ab against the extracellular domain of the mouse / rat / human NK1R and ATTO-488-conjugated (Alomone Laboratories), in combination with APC-CD4 Ab and V500-CD8α Ab (1:100, 30 min on ice). For labeling of the intracellular (C terminus) domain of the NK1R, T cells were first incubated with APC-CD4 Ab and V500-CD8α Ab (1:100, 30 min, on ice). Next, T cells were washed in ice-cold PBS, fixed in 2% paraformaldehyde (15 min, RT), and permeabilized with 0.1% saponin 1% FBS in PBS (10 min, RT). Permeabilized cells were incubated with an Ab recognizing the intracellular domain (C terminus) of the mouse / rat / human NK1R and PE-conjugated (Santa Cruz) (1:200, 30 min, 4°C). Cell were washed in permeabilization buffer and in PBS, and immediately analyzed with a BD LSR II flow cytometer. Results were analyzed with the FlowJo v10 software. Fluorochrome-conjugated species and isotype Ig irrelevant Ab were used as staining controls.

### ImageStream® analysis {#S17}

WT, NK1R^KO^ and *Tac1*/*4*^Double\ KO^ B6 BMDC were purified with mouse CD11c MicroBeads (Miltenyi). Purified OT-II CD4 T cells were labeled with Cell Tracker Violet (Thermo Fisher). WT, NK1R^KO^ and *Tac1*/*4*^Double\ KO^ B6 BMDC were left untreated or loaded with 1 μM of OVA~323--339~ peptide (1 h, 37°C), washed in PBS, and then incubated with the Cell Tracker Violet-labeled OT-II cells (1 DC: 1 T cell, 10^6^ of each cell) in 1 mL polypropylene tubes, for 2 h, at 37°C. Next, cells were transferred to 1.5 mL Eppendorf tubes and washed with ice-cold 5% FBS / PBS without EDTA. All centrifugations were done in a refrigerated centrifuge (200 *g*, 4 min, 4°C). Cells were surface labeled with APCCy7-CD11c Ab (1:100) and ATTO488-NK1R Ab against the extracellular domain of the NK1R (Alomone Labs,1:100), washed with ice-cold 5% FBS / PBS without EDTA, and fixed with 1.5% paraformaldehyde (30 min, RT). Next, cells were washed to remove the fixative with ice-cold 5% FBS / PBS without EDTA, permeabilized with 100 μl of 0.1% Triton-X (Sigma), and labeled intracellularly with (i) Cy3-SP Ab (Bioss USA, 1:100), AF647-HK-1 Ab (Peninsula Laboratories, 1:50), and Texas redphalloidin (1:50); or (ii) rhodamine-phalloidin (1:50). Cells were washed with ice-cold PBS without EDTA, fixed with 1.5% paraformaldehyde and read immediately, or left in ice-cold PBS without EDTA until analysis. Appropriate species and isotype Ig irrelevant Ab were used as controls. Five thousand cells were collected with a two-laser Amnis ImageStream® analyzer, at a magnification X60. Cell images were analyzed with the software IDEAS v6.2.

### Ca^2+^ flux assays {#S18}

For ratiometric analysis of Ca^2+^ flux by FACS, purified T cells were incubated with APC-CD4 Ab, Pacific blue-CD8α Ab and Fixable Viability Dye eFluor 780 (30 min, on ice). After washing in PBS, T cells were resuspended in PBS without Ca^2+^ and Mg^2+^ and loaded with Fluo-4-AM and Fura Red- AM Cell Permeant (2uM each) (30 min, in the dark, 37°C). After thoroughly washing in PBS without Ca^2+^ and Mg^2+^, 2 × 10^6^ T cells were resuspended in 1 mL of PBS containing 25 mM HEPES 0.9 mM Ca^2+^ 0.5 mM Mg^2+^ and 1 mM sodium pyruvate, and incubated with hamster anti-mouse CD3ε agonistic Ab (clone 145--2C11, 1 μg / ml) for 30 min on ice. Five min prior to recording, the FACS tubes containing the T cells were placed in a water bath at 37°C, a temperature that was maintained throughout the recording time. Cells were analyzed immediately with BD LSR II or Fortessa flow cytometers. Each sample was recorded for 30 s (baseline) prior to addition of (SarSP) or anti-hamster IgG (10 μg/ml) to crosslink the CD3ε Ab. In some experiments, T cells incubated with CD3ε Ab were treated with the NK1R antagonists L733,060 or WIN 51708 (both at 10^−5^ M, for 20 min, 37°C) prior to recording of the baseline and addition of the anti-hamster IgG.

To assess Ca^2+^ efflux from the intracellular compartment, T cells were incubated with CD3ε Ab and kept in ice-cold PBS without Ca^2+^ and Mg^2+^. Five min before recording, the FACS tubes containing the T cells were placed in a water bath at 37°C and the temperature kept during the recording time. After recording the 30 s baseline, T cells were treated anti-hamster IgG to initiate CD3ε Ab crosslinking and data were recorded for 4 min.

For analysis of SOCE activation, T cells were incubated with CD3ε Ab and maintained in ice-cold PBS without Ca^2+^ and Mg^2+^. Five min prior to recording, the FACS tubes with the T cells were placed in a water bath at 37°C and the temperature maintained during the recording time. After recording the 30 s baseline, T cells were treated with thapsigargin (0.5 μM) and efflux of Ca^2+^ from the intracellular compartment recorded for 4 min. Next, Ca^2+^ (20 mM) and anti-hamster IgG were added and influx of extracellular Ca^2+^ was recorded during the following 3 min. As positive controls, T cells were stimulated with ionomycin (1 μM) after recording the 30 s baseline. Negative controls included T cells non-treated or incubated with CD3ε Ab alone without crosslinking, in which data were recorded for 5 min. In all cases, T cell viability was assessed by FVD exclusion at the end of the Ca^2+^ flux assay.

The ratiometric Fluo-4-AM / Fura Red AM analysis was performed using the derived parameter of the FlowJo v10 software and the kinetics tool was used to represent the Ca^2+^ flux graphically. Statistical comparison of Ca^2+^ flux from independent samples was achieved by comparing the area under the curve (AUC) per variable with the kinetics analysis function of the FlowJo v10 software.

For analysis of Ca^2+^ flux by live-cell microscopy, purified CD4 T cells were loaded with Fluo-4-AM as described above, and kept in PBS with 1 mM sodium pyruvate, 25 mM HEPES, 0.9 mM Ca^2+^ and 0.5 mM Mg^2+^, at 37°C. Next, T cells were placed on poly-L-lysine coated glass bottom cell culture dishes (30 mm diameter, MatTek) at 1.5 × 10^5^ T cells per dish and allowed to settle down for 10 min before imaging. T cells were imaged using a Nikon Ti inverted microscope equipped with a 1.40 N.A 60x objective and Photometrics Prime 95B sCMOS camera. Basal fluorescence intensity was obtained by imaging unstimulated cells for 80 s. Next, cells were stimulated by either SarSP (10^−7^ M) alone or with the G~αq/11~ inhibitor YM 254,890 (10 μM). Cells were imaged once per sec using a Lumencore Spectra X LED excitation source. The total imaging period for each variable was 10 min. Images and fluorescence intensity of each cell was analyzed with the NIS Elements v5.11.01 (Nikon Instruments Inc). Quantification of Ca^2+^ flux on each individual cell was calculated by the difference between the maximal and minimal Fluo-4 AM fluorescence signal intensity (peak value). Representative figures were generated by selecting single cells whose Ca^2+^ flux intensity profile fell within 2 standard deviations of the mean for each group.

### Western blot analysis {#S19}

For detection of the f-NK1R and t-NK1R variants in resting and activated T cells, purified CD4 T and CD8 T cells were left untreated or cultured in 24 well plates (4×10^6^ cells per well) in RPMI 1640 medium supplemented with 10% FBS, and incubated with plate-bound CD3ε Ab (145--2C11, 5 μg / ml) plus soluble CD28 Ab (37.51, 10 μg / ml), for 24 h. Total protein was isolated with RIPA buffer in the presence of Protease Inhibition Cocktail (Sigma). Protein (40 μg) with Laemmli sample buffer was resolved on Any kD Mini-PROTEAN® TGX Precast Protein Gels (BIO-RAD). After transfer, PVDF membranes (BIO-RAD) were blocked with Odyssey Blocking Buffer (LI-COR), then probed with anti-mouse NK1R N terminus Ab (Novus Biological) and anti-mouse NK1R C terminus Ab (Clone D-11, Santa Cruz).

For detection of basal levels of ZAP70 and PLC-γ1 in WT or NK1R^KO^ T cells, protein from purified total T cells was extracted with RIPA buffer containing Protease Inhibition Cocktail. Protein was quantified using the Pierce® BCA Protein Assay. Samples were diluted in 4x Laemmli sample buffer with DTT and incubated on a heating block (95°C, 5 min). Protein (20 μg) was resolved on Any kD Mini-PROTEAN® TGX Precast Protein Gels and transferred to PVDF membranes that were blocked with Odyssey Blocking Buffer. Membranes were probed with anti-PLC-γ1 Ab (1:1000), anti-ZAP70 Ab (1:1000), and anti-GAPDH Ab (1:5000).

For detection of nuclear translocation of transcription factors, purified total WT or NK1R^KO^ T cells were incubated in 24-well plates (2 × 10^6^ T cells / well) alone for 120 min (mock), or with plate-bound CD3ε Ab (145--2C11, 5 μg / ml) plus soluble CD28 Ab (37.51, 10 μg / ml) for 30, 60, 120 or 240 min, or with ionomycin (1 μM) for 120 min, all at 37°C. After incubation, cytoplasmic and nuclear protein extracts were prepared on fresh pellets with the NE-PER nuclear and cytoplasmic extraction reagent and quantified using the Pierce® BCA Protein Assay (both from Thermo Scientific). Next, samples were diluted in 4x Laemmli sample buffer with DTT, incubated on a heating block (95°C, 5 min), and 10 μg of protein loaded in Any kD Mini-PROTEAN® TGX Precast Protein Gels. Gels were electroblotted on PVDF membranes. Blots were blocked (1 h, room temperature) with Odyssey Blocking Buffer before probing in the following combinations of primary Ab (overnight, 4°C): (i) rabbit anti-NFAT2 Ab (1:1000) plus goat anti-cFos Ab (1:200); (ii) rabbit anti-NFAT1 Ab (1:1000) plus goat anti-cJun Ab (1:200); and (iii) goat anti-NFκβ-p65 Ab (1:200). Rabbit anti-TBP Ab (1:2000) or mouse anti-GAPDH Ab (1:5000), were used to assess equal loading of nuclear and cytoplasmic extracts, respectively.

In all cases, membranes were incubated (1 h, room temperature) with the appropriate secondary Ab conjugated with IRDye® 680 or 800 (LI-COR) or DyLight 800 (Thermo Fisher) and scanned on the Odyssey Imaging System (LI-COR). The intensity of the signal was quantified with the Image Studio software v2 and the ImageJ software version 1.51 s (LI-COR).

### Detection of phosphorylated ZAP70/Syk and PLC-γ1 by flow cytometry {#S20}

Purified WT and NK1R^KO^ T cells (5 × 10^6^) were incubated with CD3ε Ab (clone 145--2C11, 1 μg/ml, 30 min, 4°C) and equilibrated at 37°C in a water-bath for 10 min before adding anti-hamster IgG (10 μg/ml) to crosslink the CD3ε Ab and initiate TCR-signaling. After 1, 5, 10 or 20 min, T cell activation was stopped by adding 100 μL of 34% formaldehyde into the 1 mL final volume of the sample, and T cells were fixed for 10 min. Next, cells were washed in PBS, permeabilized with ice-cold methanol (15 min, RT), washed in PBS, and resuspended in 200 μL PBS. Permeabilized T cells were incubated with APC-CD4 Ab, FITC-CD8α Ab, and anti-mouse / human phospho ZAP70 (Tyr~319~) / phospho Syk (Tyr~352~) Ab PE-conjugated (clone E267, 1:100, 20 min, RT), or anti-mouse / human phosphor PLC-γ1 (Tyr~783~) (clone PLCGTYR783-C4, 1:100, 20 min, RT). After washing in PBS, samples were immediately analyzed by FACS.

### Measurement of NFAT nuclear translocation by flow cytometry {#S21}

Detection of nuclear translocation of NFAT1 and NFAT2 in T cells by FACS was done as described in [@R13]. Briefly, purified WT or NK1R^KO^ T cells were incubated in 24-well plates (3 × 10^6^ T cells / well) alone for 120 min (mock), or with plate-bound CD3ε Ab (145--2C11, 5 μg / ml) plus soluble CD28 Ab (37.51, 10 μg / ml) for 30, 60, 120 or 240 min, or with ionomycin (1 μM) for 120 min, all at 37°C. At each endpoint, T cells were collected, washed in ice-cold 1% FBS -- PBS and centrifuged (500*g*, 4°C, 5 min). For cell nuclei isolation, T cell pellets were resuspended in 600 μl of ice-cold Pipes-Triton buffer \[10 mM free acid Pipes, 0.1M NaCl, 2mM MgCl~2~, 0.1% Triton X-100, 1 mM DTT, Halt Protease Inhibitor Cocktail (1:100, Thermo Scientific), in sterile dd water, pH 6.8\], vortexed for 10 s, transferred to FACS tubes, and incubated on ice. After 30 min, cell nuclei were centrifuged (500*g*, 10 min, 4°C), the supernatants were removed carefully, and the pellets resuspended in 200 μl of ice-cold 1% BSA -- PBS buffer and gently pipetted up and down 3--5 times with a p-1000 pipettor. T cell nuclei were incubated with AF488-NFAT1 Ab (1:50) (Cell Signaling), AF488-NFAT2 Ab (1:100) (BioLegend), or AF488-conjugated species and isotype Ig irrelevant Ab as staining controls (30 min, on ice). Next, T cell nuclei were washed with ice-cold 1% BSA -- PBS buffer, incubated with propidium iodide (1:50, 5 min, on ice), washed in ice-cold 1% BSA -- PBS buffer, and fixed in 2% paraformaldehyde. Data were acquired with a BD LSR II flow cytometer and analyzed using FlowJo v10 software.

For visualization of T cell nuclei purity and integrity, T cell nuclei were centrifuged (300 rpm, 5 min) with a Cytospin 3 centrifuge (Shandon) on poly-L-lysine coated slides. Cytospins were fixed with 1% paraformaldehyde (10 min, RT), rinsed in PBS, permeabilized with 0.3% Triton X-100 -- PBS (15 min, RT), rinsed in PBS, and incubated with fluorescein-phalloidin (1:500) and propidium iodide (1:50), for 15 min at RT. Cytospins were rinsed in PBS, fixed in 2% paraformaldehyde and examined with a Nikon Eclipse E800 microscope equipped with a CCD camera.

### Analysis of T cell proliferation, activation and cell death {#S22}

Purified T cells from spleens of WT, NK1R^KO^ or *Tac1*/*4*^Double\ KO^ B6 were labeled with CFSE (1 μM) and then cultured in RPMI 1640 medium with 10% FBS (10^6^ T cells per 2 mL of medium per well), in 24 well plates, in the presence of plate-bound CD3ε Ab (145--2C11, 5μg / ml) plus soluble CD28 Ab (37.51, 10 μg / ml) alone, or with SP (10^−9^ M), HK-1 (10^−8^ M), or both, added on days 1 and 3 of culture. In some experiments, human IL-2 (50 U / ml) was added at the start of the cultures. After 4 days, cells were labeled with BUV395-CD4, PECy5-CD8 and PE-CD44 Ab, plus eFluor® 780-Fixable Viability Dye (FVD) (eBioscience).

For analysis of T cell death, CFSE-labeled purified WT or NK1R^KO^ T cells were cultured in RPMI 1640 medium with 10% FBS (10^6^ T cells per 2 mL of medium per well), in 24 well plates, in the presence of plate-bound CD3ε Ab (145--2C11, 5μg / ml) plus soluble CD28 Ab (37.51, 10 μg / ml) alone, or with the necroptosis inhibitor Necrostatin-1 (2 μg/ml, Sigma) or equivalent concentration of its vehicle, DMSO. After 4 days, cells were incubated with PE-Annexin V, 7AAD, NucView® 405 Caspase-3 Substrate (1:1000, Biotium), BUV395-CD4 Ab, APC-CD8 Ab, PE-Cy7-CD3ε Ab, and eFluor® 780-FVD, and immediately analyzed by FACS without fixation. In all experiments, appropriate irrelevant Abs were used as controls and, unless stated, cells were fixed in 4% paraformaldehyde -- PBS. Data were acquired with BD LSR II or Fortessa flow cytometers and analyzed using FlowJo v10 software.

### Generation of polarized T cells {#S23}

Naive CD4 T cells were isolated from spleens of WT and NK1R^KO^ B6 mice. First, erythrocytes were removed by incubation with red blood cell lysis buffer. Next, splenocytes were incubated with CD19 Ab followed by sheep anti-rat IgG Dynabeads and B cells were depleted by magnetic sorting. B cell-depleted splenocytes were incubated with the following Ab: (i) FITC-conjugated NK1.1, CD11b, B220, CD8β, and CD25 Ab (lineage cocktail); (ii) PE-CD62L Ab; (iii) APC-CD4 Ab; and (iv) E450-CD44 Ab. Lineage^neg^ CD4^+^ CD62L^hi^ CD44^lo^ cells (naive CD4 T cells) were sorted with a BD-FACSAria flow cytometer (naive CD4 T cell purity \> 94%). WT or NK1R^KO^ naive CD4 T cells were labeled with CFSE (1 μM), and cultured (10^6^ cells in 2 mL of medium per well, 24-well plates) in RPMI 1640 medium containing 10% FBS and artificial APC (Dynabeads Mouse T-Activator CD3/CD28 For T cell Expansion and Activation) at 1 bead: 1 T cell ratio, for Th1, Th2 and Th17 polarization. To promote polarization of CD4 T cells, cultures were supplemented with the following reagents: (i) for Th1-polarization, IL-12p70 (10 ng / ml) plus IL-4 Ab (10 μg / ml); (ii) for Th2-bias, IL-4 (10 ng / ml) plus IFN-γ Ab (10 μg / ml); and (iii) for Th17-polarization, IL-6 (20 ng / ml), TGF-β1 (5ng / ml), IL-23 (10 ng / ml), IL-4 Ab (10 μg / ml), and IFN-γ Ab (10 μg / ml). After 4 days of culture, T cells were stimulated with PMA (50 ng / ml) and ionomycin (0.7 μM) in the presence of brefeldin A (BD GolgiPlug), for 5 h at 37°C. Cells were surface stained with APC-CD4 Ab in combination with eFluor® 780-FVD, then fixed with 2% paraformaldehyde, permeabilized with 0.1% saponin / 1% FBS / PBS solution, and labeled intracellularly with PE-IL-4, PerCPCy5.5-IFN-γ, and BUV395-IL-17A Ab. Alternatively, cells were surface labeled with APC-CD4 Ab plus eFluor® 780-FVD, then fixed in paraformaldehyde, permeabilized with eBioscience Foxp3 / Transcription Factor Staining Buffer, and labeled intracellularly with PE-T-bet, PE-GATA-3, or PE-RoRγt. Appropriate fluorochrome-conjugated irrelevant Ab were used as controls. Cells were analyzed with a BD LSR II or Fortessa flow cytometers and analyzed using FlowJo v10 software.

### Analysis of Ag (hapten)-specific T cells in skin-draining lymph nodes {#S24}

Purified T cells from spleens of WT (CD45.2 Thy1.1) and NK1R^KO^ (CD45.2 Thy1.2) mice were CFSE (1 μM)-labeled and i.v. injected (20 × 10^6^ of each T cell subset per mouse) in host WT (CD45.1) B6 mice. After 24 h, mice were sensitized with 2 doses of DNCB (0.5% in 4:1 acetone / olive oil) applied 24 h apart on the shaved lower abdominal skin. Mice were euthanized on day 5 after T- cell transfer and the skin-draining lymph nodes (inguinal) were dissected. Single cell suspensions of the lymph nodes were labeled with APC-CD3, V450-CD4, V500-CD8, PE-CD44, FITC-CD45.2, PECy5-CD45.1, BUV395-Thy1.1, and PECy7-Thy1.2 Ab in combination with eFluor® 780-FVD and analyzed by FACS.

### ELISA and ELISA-based assays {#S25}

Concentrations of IL-2 in 24 h culture supernatants of WT, NK1R^KO^, *Tac1*/*4*^Double\ KO^ CD4 or CD8 T cells cultured alone or in the presence of plate-bound CD3ε Ab (145--2C11, 5μg / ml) and soluble CD28 (37.51, 10μg / ml) Ab, with or without SP or HK-1 (both at 10^−9^ M), were measured by ELISA (R&D). Quantification of calcineurin activity was assessed with the colorimetric Calcineurin Cellular Activity Assay Kit (EMD Millipore). Concentrations of IFN-γ, IL-2, IL-5, IL-13, and IL-17A in 4-day culture supernatants of polarized CD4 T cells were assessed by ELISA (BD, Thermo Fisher).

### Real time quantitative PCR (RT-qPCR) {#S26}

RNA was extracted with TRIzol Reagent (Thermo-Fisher Scientific) from purified WT CD4 T and CD8 T cells untreated or following 2, 4, 6 or 24 h stimulation with CD3 Ab and CD28 Ab as described above. RNA was reverse transcribed to cDNA using the iScript™ Reverse Transcription Supermix for RT-qPCR (Bio-Rad). Pre-designed primers for detection of cDNA transcribed from *PPT-A* mRNA (*TAC1*) and *PPT-C* mRNA (*TAC4*) were from SABioscience (QIAGEN). Primers (250 mM) were mixed with 10 μL of 2X Fast SYBR Green Master Mix (Thermo Fisher), 2 ul of cDNA, and brought to a final volume of 20 μL with DNAase-/RNAase-free water. The PCR cycling conditions were as follows: initial hold for 20 s at 95°C (polymerase activation), 40 cycles at 95°C for 3 s (denature) and 60°C for 15 s (annealing/extending). Gene expression was normalized to GAPDH to control for RNA integrity and loading, and to compensate for inter-PCR variations using the 2^−ΔΔCt^ method. PCR was done in a StepOnePlus Real-Time PCR System (Applied Biosystems).

### Generation of NK1R^KO^ and Tac1/4^Double\ KO^ BM T cell chimeras {#S27}

Male TCRαβ^KO^ B6 mice (5--6-week old) were γ-irradiated with 550 rads twice, 6 h apart. Two h later, the irradiated TCRαβ^KO^ B6 mice were i.v. injected with male 10^7^ BM cells. For production of the NK1R^KO^ T cell BM chimeras, the BM inoculum contained 80% BM cells from TCRαβ^KO^ B6 mice plus 20% BM cells from NK1R^KO^ B6 mice. For generation of *Tac1*/*4*^Double\ KO^ T cell BM chimeras, hosts were infused with 80% BM cells from TCRαβ^KO^ B6 mice and 20% BM cells from *Tac1*/*4*^Double\ KO^ B6 mice. For generation of control WT T cell BM chimeras, host mice were injected with 80% BM cells from TCRαβ^KO^ B6 mice and 20% BM cells from WT B6 mice. Animals were kept in autoclaved cages, provided with sterile water with Sulfatrim during the first week, and full-developed chimeras were used 8 weeks after BM infusion.

The absence of the NK1R, *Tac1* or *Tac4* WT alleles in T cells and their presence in the non-T cell leukocyte lineages were tested by genomic PCR on αβ T cells and non-αβ T cell leukocytes FACS-sorted from spleens of the BM chimeras. PCR was performed as described in [@R6], [@R7]. The percentages of leukocytes subpopulations in the experimental and control chimeras were analyzed by FACS on splenocytes labeled with the following combinations of fluorochrome-conjugated Ab: (i) APC-CD3, BUV395-CD4, V500-CD8, PE-CD44 and PE-Cy5-CD62L; and (ii) APC-CD3, BUV395-CD4, PE-FoxP3 and FITC-CD19.

### Induction of contact dermatitis and assessment of skin-homed T cells {#S28}

NK1R^KO^ T cell, *Tac1*/*4*^Double\ KO^ T cell, and control WT T cell BM chimeras were sensitized once with DNCB (0.5% in 4:1 acetone / olive oil) or vehicle on the shaved abdominal skin. After 5 days, mice were challenged with DNCB (0.5% in 4:1 acetone / olive oil) on the dorsal side of the right ear and with vehicle on the left ear (control). Ear thickness increase was measured with a caliper at successive days after Ag challenge. In some experiments, mice were euthanized 48 h after challenge and the ears were dissected, fixed in 4% paraformaldehyde, embedded in paraffin, sectioned and stained with hematoxylin and eosin. Alternatively, ear skin fragments were snap-frozen, and 10 μm cryosections were placed on Vectabond Reagent (Vector)-treated slides, fixed with 4% paraformaldehyde (15 min, room temperature), blocked with 5% goat serum and the avidin/biotin blocking kit (Vector), and incubated with biotin-CD3 Ab plus DyLight 488-streptavidin, followed by labeling with the *In Situ* Cell Death Detection kit, TMR red (Roche). For negative controls, the biotin-CD3 Ab was replaced by biotin-Armenian hamster irrelevant IgG followed by Cy2-streptavidin. Cell nuclei were stained with 4′6-diamidino-2-phenylindole 2HCl (DAPI) (Thermo Fisher). Skin sections were analyzed with a Zeiss Axiovert 135 microscope equipped with a CCD camera (Photometrics CH 250). Identification and quantification of infiltrating leukocytes at the site of skin DNCB elicitation was done on single cell suspensions obtained by digestion of ear skin fragments as described in [@R45]. Cells were then labeled with FITC-CD45, BUV395-CD4 and PECy5-CD8 Ab, and analyzed by FACS.

QUANTIFICATION AND STATISTICAL ANALYSIS {#S29}
---------------------------------------

Statistical analysis was performed using the GraphPad Prism v7 software (San Diego, CA) Results are expressed as mean ± 1SD. Comparisons of two means were done by two-tailed Student's t test. Comparison of multiple means on a single dataset were done by ANOVA followed by *ad hoc* Student Newman Keuls test. A "*p*" value \< 0.05 was considered significant.

DATA AND CODE AVAILABILITY {#S30}
--------------------------

This study did not generate any unique datasets or code.
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![T Cells Express the f-NK1R that Is Recruited at the Immune Synapse\
(A) NK1R (extracellular) expression by FACS on WT T cells and control NK1R^KO^ T cells.\
(B) FACS analysis of NK1R (C terminus) on permeabilized WT T cells, untreated or after 24-h activation with CD3 and CD28 Ab.\
(C) Western blot of NK1R in T cells untreated or after 24 h incubation with CD3 and CD28 Ab. The 75-kDa band corresponds to glycosylated f-NK1R. One representative experiment of 3. Bar diagram: relative density of f-NK1R normalized to GAPDH. Results pooled from two experiments. Means ± 1 SD.\
(D) ImageStream of doublets of OT-II CD4 T cells and B6 DC loaded with OVA323--339 or not (Control). SP, HK-1, and the NK1R concentrate at the T cell-DC synapse (light blue mask), identified by rearrangement of F-actin labeled with Texas red-phalloidin.\
(E) Comparison by ImageStream of relative fluorescence intensities of phalloidin, SP, HK-1, and NK1R within the interface mask on doublets of OT-II T cells and B6 DC loaded with OVA~323--339~ (+ OVA) or not (Control).\
(F) ImageStream of doublets of OT-II T cells and B6 NK1R^KO^ DC loaded or not (Control) with OVA~323--339~. The NK1R expressed by OT-II cells concentrates at the T cell-DC synapse (light blue mask).\
In (A) and (B), one representative experiment of 3. In (D)--(F), 1 of 2 experiments with 5,000 cells collected in each. Data were analyzed by 1-way ANOVA followed by *ad hoc* Student Newman Keuls test (C) and 2-tailed Student's t test (E). \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, NS, not significant.](nihms-1574787-f0002){#F1}

![NK1R-signaling Per Se Promotes Ca^2+^ Flux in T Cells and Potentiates the Ca^2+^ Flux Triggered by the T Cell Receptor (TCR)\
(A) Ca^2+^ flux by ratiometric assay by FACS in T cells exposed to SarSP added after acquisition of the 30-s baseline (arrows).\
(B) Live-cell imaging of Ca^2+^ flux in T cells exposed to SarSP alone or with the G~αq/11~ inhibitor YM-254,890. Ca^2+^ flux was analyzed during 10 min after adding SarSP and images were acquired every 30 s. Representative cells out of 200. Heat bar: Fluo-4-AM fluorescence intensity from blue (minimum) to red (maximum) that correlates directly with Ca^2+^ flux. Bar diagram: quantification of Fluo-4-AM signal on 200 individual cells, recorded for 10 min. Ca^2+^ flux on each cell was calculated by the difference between the maximal and minimal intensity of Fluo-4-AM fluorescence (peak value).\
(C and D) Ratiometric assays of Ca^2+^ flux by FACS in T cells from WT or global NK1R^KO^ mice (C), or from WT or NK1R^KO^ BM T cell chimeras (D) untreated of stimulated by CD3 Ab cross linking (arrows). Bar diagrams: area under the curve (AUC) of Ca^2+^ flux. Each symbol corresponds to T cells from a different mouse analyzed in the same experiment.\
(E and F) Ratiometric assays of Ca^2+^ flux by FACS in T cells untreated or exposed to the NK1R antagonists L733,060 (E) or WIN-51,708 (F) and stimulated by CD3 Ab cross linking (arrows). Bar diagrams: AUC of Ca^2+^ flux. Each dot corresponds to T cells from a different mouse.\
(G) Ratiometric assay by FACS of intracellular Ca^2+^ efflux in WT and NK1R^KO^ T cells following stimulation by CD3 Ab cross linking (X, arrow) in Ca^2+^-free media.\
(H) Ratiometric assay of Ca^2+^ influx by FACS in WT and NK1R^KO^ T cells treated with thapsigargin (solid arrows) in Ca^2+^-free media for 4 min and then stimulated by CD3 Ab cross linking (X, dash arrows) in the presence of Ca^2+^.\
(G and H) One representative experiment out of 2. In (A) and (C)--(H), baselines were recorded for 30 s before addition of stimuli. Results were analyzed by 1-way ANOVA followed by *ad hoc* Student Newman Keuls test (C--H) and 2-tailed Student's t test (B). \*\*p \< 0.01, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001, NS, not significant.](nihms-1574787-f0003){#F2}

![NK1R-signaling Promotes Activation of NFAT1, NFAT2, and NFκb-p65, and T Cell Survival Dependent on IL-2 Secretion\
(A) Calcineurin activity in WT and NK1R^KO^ T cells incubated with SarSP or CD3 Ab, measured 15 min after treatment. Means ± 1 SD of duplicated results of 1 representative experiment of 2.\
(B) Western blot analysis of NFAT1, NFAT2, NFκβ-p65, cFos, and cJun, in nuclear extracts of WT and NK1R^KO^ T cells, untreated or after incubation with CD3 and CD28 Ab. Controls were stimulated with ionomycin (Iono). One representative experiment of 3.\
(C) Concentrations of IL-2 by ELISA in supernatants of WT and NK1R^KO^ T cells untreated or after 24-h stimulation with CD3 and CD28 Ab. Means ± 1 SD, 1 representative of 3 experiments.\
(D) Surface IL-2Rα expression by FACS in WT and NK1R^KO^ T cells untreated or after 24-h stimulation with CD3 and CD28 Ab. One representative of 3 experiments.\
(E) Comparison by FACS of T cell proliferation (CFSE dilution), cell death (FVD incorporation), and activation (CD44^High^) between WT and NK1R^KO^ T cells after 4-day stimulation with CD3 and CD28 Ab. Numbers are cell percentages per quadrant. One representative out of 6 experiments.\
(F) Comparison by FACS of cycles of cell division (histograms) and percentages of cell proliferation (bar diagram) between WT and NK1R^KO^ T cells. Numbers in histograms are cell percentages. Each dot in the bar diagrams represents a mouse. Means ± 1 SD.\
(G) Percentages of cell death (by FVD incorporation) of WT and NK1R^KO^ T cells stimulated for 4 days with CD3 and CD28 Ab, alone or plus IL-2. Means ± 1 SD, 6 mice per condition.\
Results were analyzed by 1-way ANOVA followed by *ad hoc* Student Newman Keuls test (A, C, F, and G). \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001, NS: not significant.](nihms-1574787-f0004){#F3}

![Effect of NK1R-signaling on Polarization of CD4 T Cells\
(A) FACS analysis of proliferation (CFSE dilution) and intracellular cytokines in Th1 (IFN-γ)-, Th2 (IL-4)-, and Th17 (IL-17A)-polarized WT and NK1R^KO^ CD4 T cells.\
(B) Comparison by FACS of expression of Th1 (T-bet), Th2 (GATA-3), and Th17 (RoRγt) transcription factors between WT and NK1R^KO^ CD4 T cells cultured under polarizing conditions.\
(C) Assessment by FACS of cell death (by FVD incorporation) in WT and NK1R^KO^ CD4 T cells polarized *in vitro* into Th1, Th2, or Th17 cells. In (A)--(C), numbers are cell percentages per quadrant. One representative experiment out of 3.\
(D) Quantification of WT and NK1R^KO^ CD4 T cells expressing T-bet (Th1), GATA-3 (Th2), or RoRγt (Th17) after culture under polarizing conditions, analyzed by FACS. Each dot represents an independent experiment. Means ± 1 SD.\
(E) Quantification of cell death (by FVD incorporation) in proliferating (CFSE^Low^) WT and NK1R^KO^ CD4 T cells from (C). Each dot represents an individual experiment. Means ± 1 SD.\
(F) Concentrations of cytokines in supernatants of WT and NK1R^KO^ CD4 T cells cultured for 4 days under polarizing conditions. Duplicates from 1 experiment representative of 3. Means ± 1 SD.\
(G) Secretion of IFN-γ and IL-17 by T cells homing in draining lymph nodes of skin sensitized with DNCB 5 days prior. Means ± 1 SD of 4 mice per variable. Data were analyzed by 1-way ANOVA followed by *ad hoc* Student Newman Keuls test (D--G). \*p \< 0.05, \*\*p \< 0.01, \*\*\*\*p \< 0.0001, NS, not significant.](nihms-1574787-f0005){#F4}

![Autocrine SP and HK-1 Promote IL-2 Secretion and Survival of T Cells\
(A) Quantification of *Tac1* and *Tac4* transcripts by RT-qPCR in CD4 or CD8 T cells before and following stimulation with CD3 and CD28 Ab during 2, 4, 6, and 24 h. Means ± 1 SD of 2 independent experiments.\
(B) ImageStream of cell doublets composed of OT-II CD4 T cells and *Tac1*/*4*^Double\ KO^ B6 BMDC loaded with OVA~323--339~. SP and HK-1 concentrate within the area of the T cell-DC synapse (light blue mask) identified by rearrangement of F-actin visualized by staining with Texas red-phalloidin.\
(C) Concentration of IL-2 (by ELISA) in 24-h supernatants of WT, NK1R^KO^, and *Tac1*/*4*^Double\ KO^ T cells cultured untreated or with CD3 and CD28 Ab. Means ± 1 SD of 3 experiments.\
(D) Concentrations of IL-2 (by ELISA) in supernatants of T cells cultured untreated, with CD3 and CD28 Ab alone or plus exogenous SP or HK-1. Means ± 1 SD of 3 experiments.\
Results were analyzed by 1-way ANOVA followed by *ad hoc* Student Newman Keuls test (A, C, and D). \*\*p \< 0.01, \*\*\*p \< 0.001, NS: not significant.](nihms-1574787-f0006){#F5}

![NK1R-Signaling by Autocrine SP and HK-1 Promotes T Cell Survival\
(A) FACS analysis of proliferation (CFSE dilution) and activation (CD44^high^) of WT or *Tac1*/*4*^Double\ KO^ T cells, the latter unable to synthetize SP and HK-1, kept in culture for 4 days untreated or with CD3 and CD28 Ab. Numbers are cell percentages per quadrant. One representative experiment of 5.\
(B) Proliferation (CFSE dilution) and cell death (FVD incorporation) analyzed by FACS on WT and *Tac1*/*4*^Double\ KO^ T cells cultured for 4 days untreated or with CD3 and CD28 Ab alone, or plus exogenous SP, HK-1, or both. Numbers are cell percentages per quadrant. One representative of 3 experiments.\
(C) Quantification of cell death (FVD incorporation) in dividing (CFSE^Low^) WT and *Tac1*/*4*^Double\ KO^ T cells from the experiments shown in (B). Each dot represents an independent experiment. Means ± 1 SD.\
Results in (C) were analyzed by 1-way ANOVA followed by *ad hoc* Student Newman Keuls test. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001, NS, not significant.](nihms-1574787-f0007){#F6}

![*In Vivo* Signaling of the NK1R Sustains T Cell Survival during Priming and the Effector Phase of Contact Dermatitis\
(A) Proliferation (CFSE dilution), activation (CD44^High^), and cell death (FVD incorporation) of CFSE-labeled WT (CD45.2 Thy1.1) and NK1R^KO^ (CD45.2 Thy1.2) T cells i.v. injected in B6 (CD45.1) mice, analyzed by FACS in inguinal lymph nodes draining skin sensitized with DNCB, 5 days prior.\
(B) Quantification of cell death (FVD incorporation) in i.v.-transferred CFSE-labeled WT and NK1R^KO^ T cells that proliferated (CFSE^Low^) in response to DNCB sensitization on the abdominal skin. Each dot represents inguinal lymph nodes pooled from an individual mouse. Means ± 1 SD, 4--5 mice per condition. Numbers are cell percentages per quadrant.\
(C) Images of tissue sections of the elicitation site (ear) of NK1R^KO^ T cell and WT T cell BM chimeras, 48 h after DTH elicitation. The leukocyte infiltrate and edema (arrows) are more prominent in skin of control WT T cell BM chimeras. Insets: leukocyte infiltrate. H&E, X 200--500.\
(D) Percentages of ear thickness increase in NK1R^KO^ T cell and WT T cell BM chimeras after DTH elicitation. Means ± 1 SD, 10 mice per group.\
(E) Percentage of T cells in the CD45 gate of cell suspensions from the elicitation site (ear skin) of WT and NK1R^KO^ T cell BM chimeras, analyzed 48 h after DTH elicitation.\
(F) Histological analysis of the DTH elicitation site (ear skin) of T cell BM chimeras showing T cells (green) undergoing apoptosis (TUNEL^Pos^, red). Nuclei were stained blue with DAPI. X 200--500.\
(G) Bar diagram with percentages of T cells labeled by TUNEL at the DTH elicitation site. Means ± 1 SD, 10 individual samples.\
(H) Images of tissue sections of the elicitation site (ear skin) of *Tac1*/*4*^Double\ KO^ T cell BM chimeras and control WT T cell BM chimeras collected 48 h after DTH elicitation. The elicitation site of control chimeras exhibited more prominent leukocyte infiltration and edema (arrows) than the skin of *Tac1*/*4*^Double\ KO^ T cell BM chimeras (H&E, X 200).\
(I) Percentages of ear thickness increase in *Tac1*/*4*^Double\ KO^ T cell BM chimeras and control WT T cell BM chimeras, measured after 24, 48, 72, and 96 h following DTH elicitation. Means ± 1 SD of 10 mice per group.\
Data were analyzed by 1-way ANOVA followed by *ad hoc* Student Newman Keuls test (B, D, and I) and 2-tailed Student's t test (E and G). \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, NS, not significant.](nihms-1574787-f0008){#F7}

###### 

KEY RESOURCES TABLE

  REAGENT or RESOURCE                                                             SOURCE                                                     IDENTIFIER
  ------------------------------------------------------------------------------- ---------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------
  Antibodies                                                                                                                                 
  Anti-mouse CD3ε (Clone 145-2C11), functional grade                              eBioscience                                                Cat \# 16-0031-82
  Anti-mouse CD3ε (Clone 145-2C11), biotin                                        eBioscience                                                Cat \# 13-0031-85
  Anti-mouse CD3ε (Clone 145-2C11), PE-Cy5                                        eBioscience                                                Cat \# 15-0031-82
  Anti-mouse CD3ε (Clone 145-2C11), PE-Cy7                                        BD                                                         Cat \# 552774
  Anti-mouse CD3 (Clone 17A2), APC                                                eBioscience                                                Cat \# 17-0032-82
  Anti-mouse CD4 (Clone GK1.5), APC                                               eBioscience                                                Cat \# 17-0041-82
  Anti-mouse CD4 (Clone RM4-5), BUV395                                            BD                                                         Cat \# 740208
  Anti-Mouse CD4 (Clone RM4-5), V450                                              BD                                                         Cat \# 560468
  Anti-mouse CD8α (Clone 53-6.7), PE-Cy7                                          BD                                                         Cat \# 552877
  Anti-mouse CD8α (Clone 53-6.7), Pacific blue                                    BD                                                         Cat \# 558106
  Anti-mouse CD8α (Clone 53-6.7), PE-Cy5                                          BD                                                         Cat \# 553034
  Anti-mouse CD8α (Clone 53-6.7), V500                                            BD                                                         Cat \# 560776
  Anti-mouse CD8α (Clone 53-6.7), APC                                             BioLegend                                                  Cat \# 100712
  Anti-mouse CD8β (Clone eBioH35-17.2), FITC                                      eBioscience                                                Cat \# 11-0083-82
  Anti-mouse CD11 b (Clone Ml/70), FITC                                           eBioscience                                                Cat \# 11-0112-82
  Anti-mouse CD11c (Clone HL3), APC-Cy7                                           BD                                                         Cat \# 561241
  Anti-mouse CD19 (Clone 1D3)                                                     Invitrogen                                                 Cat \# MA1-10128
  Anti-mouse CD19 (Clone 1D3), FITC                                               eBiosciences                                               Cat \# 11-0193-82
  Anti-mouse CD25 (Clone PC61.5)                                                  eBioscience                                                Cat \# 16-0251-85
  Anti-mouse CD25 (Clone PC61.5), BUV395                                          BD                                                         Cat \# 564022
  Anti-mouse CD25 (Clone PC61.5), FITC                                            eBioscience                                                Cat \# 11-0251-82
  Anti-mouse CD28 (Clone 37.51)                                                   BD                                                         Cat \# 557393
  Anti-mouse CD44 (Clone IM7), PE                                                 Invitrogen / eBioscience                                   Cat \# 12-0441-82
  Anti-mouse CD44 (Clone IM7), eFluor450®                                         eBioscience                                                Cat \# 48-0441-82
  Anti-mouse CD45.1 (Clone A20), PE-Cy5                                           Invitrogen / eBioscience                                   Cat \# 15-0453-82
  Anti-mouse CD45.2 (Clone 104), FITC                                             BioLegend                                                  Cat \# 109805
  Anti-mouse CD45R / B220 (Clone Ra3-6B2), FITC                                   BioLegend                                                  Cat \# 103205
  Anti-mouse CD62L (Clone MEL-14), PE                                             Invitrogen / eBioscience                                   Cat \# 12-0621-82
  Anti-mouse CD62L (Clone MAL-14), PE-Cy5                                         eBiosciences                                               Cat \# 15-0621-82
  Anti-mouse CD90.1 /Thy1.1 (Clone OX-7), BUV395                                  BD                                                         Cat \# 740261
  Anti-mouse CD90.2 / Thy1.2 (Clone 53-2.1), PE-Cy7                               Invitrogen / eBioscience                                   Cat \# 25-0902-82
  Anti-mouse NK1.1 (Clone PK136), FITC                                            Invitrogen                                                 Cat \# 11-5941-82
  Anti-mouse IL-2 (Clone JES6-5H4), FITC                                          BD                                                         Cat \# 554427
  Anti-mouse IL4 (Clone 11B11), functional grade                                  BioXcell                                                   Cat \# BE0045
  Anti-mouse IL4 (Clone 11B11), PE                                                BD                                                         Cat \# 554435
  Anti-mouse IL17A (Clone TC 11-18 H10), BUV395                                   BD                                                         Cat \# 559502
  Anti-mouse IFN-γ (Clone AN-18), functional grade                                Thermo Fisher                                              Cat \# 16-7313-81
  Anti-mouse IFN-γ (Clone XMG1.2), PerCP-Cy5.5                                    BD                                                         Cat \# 560660
  Anti-mouse T-bet (Clone 04-46), PE                                              BD                                                         Cat \# 561268
  Anti-mouse GATA-3 (Clone L50-820), PE                                           BD                                                         Cat \# 560074
  Anti-mouse RoRγt (Clone AFJKS-9), PE                                            Invitrogen / eBioscience                                   Cat \# 12-6988-82
  Anti-mouse FoxP3 (Clone FJK-16 s), PE                                           Invitrogen / eBioscience                                   Cat \# 12-5773-82
  Anti-mouse / human NFAT1 (Clone D43B1)                                          Cell Signaling                                             Cat \# 5861
  Anti-mouse / human NFAT1 (Clone D43B1), AF488                                   Cell Signaling                                             Cat \# 14324
  Anti-mouse / human NFAT2 (Clone D15F1)                                          Cell Signaling                                             Cat \# 8032
  Anti-mouse / rat / human NFAT2 (Clone 7A6), AF488                               BioLegend                                                  Cat \# 649603
  Anti-mouse / human NFκB-p65 (C-20, goat polyolonal)                             Santa Cruz                                                 Cat \# SC-372-G
  Anti-mouse / human cFos (K-25, goat polyclonal)                                 Santa Cruz                                                 Cat \# SC-253-G
  Anti-mouse / human cJun (D, goat polyclonal)                                    Santa Cruz                                                 Cat \# SC-44-G
  Anti-mouse / rat / human PLCγ1 (Clone D9H10)                                    Cell Signaling                                             Cat \# 5690
  Anti-mouse / human Phospho PLCγ1 (Tyr~783~) (Clone PLCGTYR783-C4), PE           Invitrogen                                                 Cat \# MA5-28030
  Anti-mouse / rat / human ZAP70 (Clone E267)                                     Abeam                                                      Cat \# ab32410
  Anti-mouse / human Phospho ZAP70/Syk (Tyr~319~, Tyr~352~) (Clone n3kobu5), PE   eBioscience                                                Cat \# 12-9006-42
  Anti-mouse / rat / human TBP (rabbit polyclonal)                                Cell Signaling                                             Cat \# 8515S
  Anti-mouse / rat / human GAPDH (Clone 1D4)                                      Novus Biological                                           Cat \# NB300-221
  Anti-mouse / rat / human NK1R N terminus (rabbit polyclonal)                    Novus Biological                                           Cat \# NB300-119
  Anti-mouse / rat / human NK1R C terminus (Clone D-11)                           Santa Cruz                                                 Cat \# SC-365091
  Anti-mouse / rat / human NK1R C terminus (Clone D-11), PE                       Santa Cruz                                                 Cat \# SC-365091 PE
  Anti-mouse / rat / human NK1R extracellular (rabbit polyclonal), ATTO488        Alomone Labs                                               Cat \# ATR-001-AG
  Anti-mouse / rat / human Substance P (rabbit polyclonal), Cy3                   Bioss USA                                                  Cat \# bs-0064R-Cy3
  Anti-mouse / rat HK-1 (rabbit polyclonal)                                       Peninsula Laboratories                                     T-4835.0400
  Anti-goat IgG, IRDye® 800CW                                                     LI-COR                                                     Cat \# 926-32214
  Anti-rabbit IgG, IRDye® 680LT                                                   LI-COR                                                     Cat \# 926-68023
  Anti-mouse IgG, IRDye® 680LT                                                    LI-COR                                                     Cat \# 926-68022
  Anti-mouse IgM, DyLight 800                                                     Thermo Fisher                                              Cat \# SA5-10156
  Anti-Armenian hamster IgG                                                       Jackson ImmunoResearch                                     Cat \# 127-005-160
  Mouse lgG1 (Clone MOPC-21), isotype control, AF488                              Biolegend                                                  Cat \# 400129
  Rabbit IgG (Clone DA1E), isotype control, AF488                                 Cell Signaling                                             Cat \# 2975
  Armenian Hamster lgG2κ (Clone B81-3)                                            BD                                                         Cat \# 559277
  Chemicals, Peptides, and Recombinant Proteins                                                                                              
  Cell Tracker™ Violet                                                            Thermo Fisher                                              Cat \#C10094
  CFDA-SE. Dye (CFSE)                                                             Thermo Fisher                                              Cat \#V12883
  Fluo-4AM                                                                        Thermo Fisher                                              Cat \# 14201
  Fura Red AM Cell Permeant                                                       Invitrogen                                                 Cat \# MAS-28030
  Thapsigargin                                                                    Sigma-Aldrich                                              Cat \# 9033
  DAPI                                                                            Thermo Fisher                                              Cat \# D1306
  Fixable Viability Dye eFluor 780                                                eBioscience                                                Cat \# 65-0865-14
  PE Annexin V apoptosis Detection Kit I                                          BD                                                         Cat \# 559763
  Propidium Iodide Staining Solution                                              BD                                                         Cat \# 556463
  NucView® 405 Caspase-3 Substrate, 1 mM in PBS                                   Biotium                                                    Cat \# 10407
  Necrostatin-1                                                                   Sigma-Aldrich                                              Cat \# N9037
  Dulbecco's Phosphate Buffered Saline (PBS)                                      Sigma-Aldrich                                              Cat \# D8662-500
  BD GolgiPlug Protein Transport Inhibitor (containing Brefeldin-A)               BD                                                         Cat \# 555029
  lonomycin calcium salt                                                          Sigma-Aldrich                                              Cat \# I3909
  DNCB                                                                            Sigma-Aldrich                                              Cat \# 237329
  Saponin                                                                         Sigma-Aldrich                                              Cat \# 47036
  PIPES Free Acid                                                                 Research Products International                            Cat \# P40140-10.0
  Triton X-100                                                                    Sigma-Aldrich                                              Cat \# X100
  \[Sar^9^, Met(O~2~)^11^\]-Substance P                                           Sigma-Aldrich                                              Cat \# S3672
  Substance P                                                                     Tocris Bioscience                                          Cat \# 1156
  Hemokinin 1 (mouse)                                                             Tocris Bioscience                                          Cat \# 1535
  L733,060 hydrochloride (NK1R inhibitor)                                         Tocris Bioscience                                          Cat \# 1145
  WIN-51,708 hydrate (NK1R inhibitor)                                             Sigma-Aldrich                                              Cat \# W1003
  YM-254,890, G~q~ inhibitor (Gα~q/11~ inhibitor)                                 Focus Biomolecules                                         Cat \# 10-1590-0100
  Rhodamine Phalloidin                                                            Thermo Fisher                                              Cat \# R415
  Texas Red- X Phalloidin                                                         Thermo Fisher                                              Cat \# T7471
  Fluorescein Phalloidin                                                          Thermo Fisher                                              Cat \# F432
  OVA~323--339~ peptide                                                           Peptide and Peptoid Synthesis Core (Univ. of Pittsburgh)   N/A
  Avidin/Biotin Blocking Kit                                                      Vector                                                     Cat \# SP-2001
  Vectabond Reagent                                                               Vector                                                     Cat \# SP-1800
  DyLight™ 488-Conjugated Streptavidin                                            Jackson ImmunoResearch                                     Cat \# 016-480-084
  Halt Protease Inhibition Cocktail                                               Thermo Scientific                                          Cat \# 1862209
  RIPA Buffer                                                                     Sigma-Aldrich                                              Cat \# R0278-50ML
  4x Laemmli Sample Buffer                                                        BIO-RAD                                                    Cat \# 1610747
  Immun-Blot® Low Fluorescence PVDF/Filter Paper Sets                             BIO-RAD                                                    Cat \# 1620260
  Any kD Mini-PROTEAN® TGX Precast Protein Gels, 10-well, 50 μl                   BIO-RAD                                                    Cat \# 4569034S
  DTT                                                                             Sigma-Aldrich                                              Cat \# DTT-RO
  Odyssey Blocking Buffer                                                         LI-COR                                                     Cat \# 92740000
  TRIzol Reagent                                                                  Thermo-Fisher                                              Cat \# AM9738
  PMA                                                                             Sigma-Aldrich                                              Cat \# P1585
  Human IL-2 (recombinant)                                                        R&D Systems                                                Cat \# 202-IL-010
  Mouse GM-CSF (recombinant)                                                      PeproTech                                                  Cat \# 315-03
  Mouse IL-4 (recombinant)                                                        PeproTech                                                  Cat \# 214-14
  Mouse IL-6 (recombinant)                                                        PeproTech                                                  Cat \# 216-16
  Mouse IL-12p70 (recombinant)                                                    PeproTech                                                  Cat \# 210-12
  Mouse IL-23 (recombinant)                                                       R&D Systems                                                Cat \# 1887-ML-010
  Mouse TGF-β1 (recombinant)                                                      R&D Systems                                                Cat \# 7666-MB
  Critical Commercial Assays                                                                                                                 
  iScript™ Reverse Transcription Supermix for RT-qPCR                             Bio-Rad                                                    Cat \# 170-8841
  Fast SYBR Green Master Mix                                                      Thermo Fisher                                              Cat \# 4385612
  CD11c MicroBeads UltraPure, mouse                                               Miltenyi Biotec                                            Cat \# 130-108-338
  Dynabeads™ Untouched™ Mouse total T cells kit                                   Thermo Fisher                                              Cat \# 11413D
  Dynabead™ Untouched™ Mouse CD4T cells kit                                       Thermo Fisher                                              Cat \# 11415D
  Dynabeads™ Untouched™ Mouse CD8T cells kit                                      Thermo Fisher                                              Cat \# 11417D
  Dynabeads™ Sheep anti-rat IgG                                                   Thermo Fisher                                              Cat \# 11035
  Dynabeads Mouse T-Activator CD3/CD28 for T cell Expansion and Activation        Thermo Fisher                                              Cat \# 11452
  NE-PER nuclear and cytoplasmic extraction reagent                               Thermo Fisher                                              Cat \# 78833
  Pierce BCA Protein Assay kit                                                    Thermo Fisher                                              Cat \# 23227
  *In Situ* Cell Death Detection kit, TMR red                                     Millipore Sigma                                            Cat \# 12156792910
  Red Blood Cell Lysing Buffer Hybri-Max                                          Sigma-Aldrich                                              Cat \# R7757
  eBioscienoe Foxp3 / Transcription Factor Staining Buffer Set                    Thermo Fisher                                              Cat \# 00-5523-00
  Mouse IL-2 ELISA set                                                            BD                                                         Cat \# 555148
  Mouse IL-5 ELISA kit                                                            Thermo Fisher                                              Cat \# 88-7054-22
  MouselL-13 ELISA kit                                                            Thermo Fisher                                              Cat \# 88-7137-22
  Mouse IL-17A ELISA kit                                                          Thermo Fisher                                              Cat \# 88-7371-22
  Mouse IFN-γ ELISA set                                                           BD                                                         Cat \# 555138
  Calcineurin Cellular Activity Assay kit, Colorimetric                           EMD Millipore                                              Cat \# 207007
  Alexa Fluor 647 Protein Labeling kit                                            Thermo Fisher                                              Cat \# A20173
  Experimental Models: Organisms/Strains                                                                                                     
  Mouse: C57BL/6                                                                  The Jackson Laboratory                                     Cat \# 000664
  Mouse: B6.SJL-Ptprc^a^Pepc^b^/BoyJ (CD45.1)                                     The Jackson Laboratory                                     Cat \# 002014
  Mouse: B6.129S2-Tcra^tm1Mom^/J (TcRαβ^KO^)                                      The Jackson Laboratory                                     Cat \# 002116
  Mouse: B6.PL-Thy1^a^/CyJ (Thy1.1)                                               The Jackson Laboratory                                     Cat \# 000406
  Mouse: B6.Cg-Tg(TcraTcrb) 425Cbn/J (OT-II)                                      The Jackson Laboratory                                     Cat \# 004194
  Mouse: B6NK1R^KO^                                                               [@R10]                                                     N/A
  Mouse: *Tac1/4*^*KO*^ B6                                                        [@R6]                                                      N/A
  Oligonucleotides                                                                                                                           
  *PPT-A* primers *(TAC1* mouse)                                                  SAB-Biosciences (QIAGEN)                                   Unique assay ID: qMmuCID0021966
  *PPT-C* primers *(TAC4* mouse)                                                  SAB-Biosciences (QIAGEN)                                   Unique assay ID: qMmuCED0045191
  Software and Algorithms                                                                                                                    
  Studio Software v2                                                              Li-Cor                                                     <https://www.licor.com/bio/image-studio/?gclid=CjwKCAjwlPTmBRBoEiwAHqpvhQtvKpg2vp6V0lhSnJDOqnH5pHCLo9YrBaFqkZ3VXAC02UfX8qeCmRoCGolQAvD_BwE>
  ImageJ Software v 1.51                                                          Li-Cor                                                     <https://www.licor.com/bio/image-studio-lite/>
  IDEAS v6.2. software                                                            Andritz Group                                              <http://www.andritz.com/resource/blob/15094/317004ed1e6f9cda9efe0a600f397037/aa-ideas-v600-user-manual-data.pdf>
  FlowJo v.10                                                                     FlowJo, LLC                                                <https://www.flowjo.com/>
  NIS Elements v5.11.01                                                           Nikon Instruments Inc                                      <https://www.nikon.com/products/microscope-solutions/support/download/software/imgsfw/>
  AxioVision Rel 4.8                                                              Zeiss                                                      <https://www.micro-shop.zeiss.com/en/us/system/software+axio+visionaxiovision+programaxiovision+software/10221/>
  GraphPad Prism v7                                                               GraphPad                                                   <https://www.graphpad.com/>

###### Highlights

-   T cells express the neurokinin 1 receptor (NK1R) and synthesize its agonists

-   The NK1R and its agonists co-localize in or near the T cell: APC immune synapse

-   The NK1R promotes optimal Ca^2+^ flux and survival of TCR-activated T cells

-   Lack of the NK1R or its agonists results in deficient Th1-/Th17-biased immunity
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